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FOREWORD

This final report on proton correlation studies was prepared by
the Special Nuclear Effects Laboratory, General Atomic Division,
General Dynamics Corporation, San Diego, California, under Contract
AF 33(615)-1715 with the Research and Technology Division, Wiight-
Patterson Air Force Base, Ohio, Mr, Robert Hickmott was the Air Force
project monitor. The research reported herein was performed during the
period 1 July 1964 through 31 January 1966, The General Atomic report
number is GA-6953, The report was submitted March 4, 1966,

Publication of this report does not constiiute Air Force

approval of the reports findings or conclusions. It is published
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ABSTRACT

The radiation effects of high-energy protons and electrons on
germanium and silicon have been studied, The influence of the damage on
the Hall effect and minority carrier lifetirme rroduced by 1,5-, Z. 3-,

5-, and 30-MeV electons is comparec with that produced by 30- and 50-
MeV protons, The experimental results are dircctly compared with the
theoretical predictions of the damage. It i3 concluded that the higher-
energy recoils resulting from the proton irradiations are more effective
in producing damage than those resulting from the electron irradiations,
based on the predictions of the total number of the defects that different
types of particles are expected to produce. The reason for this may be
that the higher-energy recoils produce displacements which are separated
farther and thereby influence the mcasured properties in a different
manner,

Complexities in correlatin, proton and electron damage which
arise frora the influence of impurities and defect motion during irradia-
tion are discussed. A proton simulation based on an admixture of elec-
trons and reactor neutrons is discussed theoretically,
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SECTION ]

INTRODUCTION

Radiation produces permanent damage in semiconductor materials
by displacing the lattice atoms, which in turn may form electrically active
defect structures in the lattice. These defects could change the important
electrical properties of the material, such as the conductivity, carrier
mobility, number of carriers, and the minority carrier lifetime, and thus
the characteristics of a device built of these materials are altered as the
result of irradiation,

A spectrum of electron energy irradiations, 1.5, 2.3, 5, and
30 MeV, of semiconductor materials are compared with those of 30-MeV
and 50-MeV proton irradiations in order to determine whether proton
damage can be simulated by electron damage. TheJeffeqt of pr..ton dam-
age, of course, is impértant in space applications, and it is of interest
whether the elieci of this damage is the same as for electron-produced
darnage, primarily because clectrons a ‘e a more available radiation
source, The experimental results are directly - ympared with theoretical
nredictions of the damage produced by several types of irradiations, From
a theoretical standpoint, a comparison of 30-MeV electrons with protons
is of primary interest as they are most likely to be commensurate. Also,
comparisons oi the experimental results are made with theoretical pre-
dictionu for electrons of 1.5-, 2.3-, and 5-MeV energy and for protons
of 50-MeV energy. These low-energy electrons provide a check on the
iower limit of electron energies capable of simulating protons and the
50-MeV protons provide a check on the effect of the larger displacement
clusters,

The materials irradiated were chosen to cover a spectrum of

sermniconauctor inaterials, The twelve chosen consisted of 0, 5S-ohm-cra and

1
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10-ohm-cm samples of boron-doped p-type silicon, phospboris-doped
n-type silicon, gallium-doped p-type germanium, and arsenic-doped
n-type germanium, The silicon samples consisted of both floating-zone
refined and quartz-crucible pulled materials to check the effe.rs of oxygen
conty nit, whereas ali of the germanium samples wer: quartz-crucible
puiled,

The phy:ical properties chosen for measurement wer. those that
are most intimavely . ssociated with device operation and also sensitire to
radiaticu: the carrier concentration and carrier lifetime, The carrier
concentration is presented as a removal rate, or the average number of
carriers per cubic centimeter removed per incider;t particle per square
centimeter, and the carrier lifetime is presented as a rate of change of
inverse lifetime with incident particle flux, Post-irradiation annealing
experiments were made in an attempt to identify by inference some of the
properties of the defect responsible for the damage,

A unitary positive correlation between irradiations with different
incident particles requires a constart ratio of damage rates across a
spectrum of materials and damage typcs. Any properties inferred about
the defects responsible for the damage should also match. However, a
lesser degree of correlation with different irradiations would still be use-

ful .n predicting damage rates,




N

o T O

P

e

e A s g g s e e e

A X

et

»maatr,

SECTION II

THEORETICAL CORRELATION OF DISPLACEMENT EFFECTS
FROM PROTONS, ELECTRONS, AND NEUTRONS
IN SILICON AND GERMANIUM

2.1. INTRODUCTION

A complete theory of displacement radiation effects would describe
the sequence of events cccurring to produce lattice defects and would relate
the character of the resulting defects to change in macroscopic physical
properties of the irradiated material. The sequence of events described
would include:

l. Collisions between the incident radiation and the target to

produce recoil atoms.

2. Motion of recoil atoms through the lattice to produce subsequent
generations of se~ondary displacements, leading eventually to
the dissipation of the kinetic energy of the recoil atoms and to
the e~tablishment of thermal equipartition of kinetic energy.

3. Subsequent thermal-activated motion of defects to forra secondary
defect structures which are stable at t'.e sample temperature.

4. The relation between the microscopic structure of the defects

and the macroscopic physical properties, which are measured.

It is obvious that such a complete theory is not available, and its
lack might cause one to despair of establishing a sound theoretical relation
between primary irradiation aad physical property changes. The most
imposing obstacle appears to be a description of thermal motion and
secondary defect formation, particularly as influenced by impu-ities and

de{ects already present in the crystal before irradiation. It is weli known

- —— v 31 s e




——y

SR PRIy

PR A AR R

.

that impurities which have no significant effect on the important elect-1cal

properties of a semiconductor may influence strongly its irradiation response.

Interstitial oxygen in silicon is a well-known example.

Fortunately, in attempting to establisk not the absolute magnitude
of the damage but only the correlation between damage produced by dif-
ferent irradiating particles, it is possible to be less demanding of the theory.
Specifically, it is obvious that if each of two irradiations produces the
same concentration and energy spectrum of primary recoil atoms, the
resulting damage must also be the same. Even this requirement may be
too severe. A high-energy recoil atom tends to lose most of its energy
by a large number of collisions, in each of which the fractional energy loes
is small. th Moreover, the higher-energy recoils {>100 keV for silicon)
tend to lose much of their energy by ionization until the residuval energy is
significantly lower. Hence, as far as the displacement structure is con-
cerned, there is not much difference between a 100-keV and a 200-keV
silicon recoil atom.

If it is also assumed that the physical properties measu. ed are
sensitive to change in lattice structure over regions small compared to the
range of 2 high-energy recoil atom, it can be asserted that the damage
should be a function only of the total energy expended in displacement pro-
duction (recoil energy minus ionization loss)., At a cursory glance, the
secondary recoils produced along a high-energy primary recoil track have
an energy not strongly dependent on the primary recoil energy, and hence
their number incredses with increasing primary energy, but the character
of the damage may not change.

This discussion suggests that there is an excellent chance of
establishing a correlation between two irradiations, provided two conditions
are met:

1. The number and energy spectrum of lower-energy recoils must

be the same, and

2. The amount of energy expended in displacement production by

high-energy recoils must be the same.
4
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The transition pcint between low- and high-energy recoils is not known, but
intuitively it should correspond to displacement clusters containing at least
tens of displacement x\'ecoils (i.e., primary recoil energy is >1 keV).

The purpoee of the following discussicn is to examine in detail the
energy distribution of primary recoils resulting from electron, proton, and
neutron collisions and to evaluate the possibility of correlating electron aad
proton irradiations. The conclusion to be noted is that with aa appropriate
scaling iactor for the Rutherford cross section, high-energy electrons and
protons satisfy the first condition above, but that for thina scaling factor
influence, the total displacement energy imparted by protons via high-energy
recoils is larger than for electrons. This extra portion could be ade:quately
reproduced by adding a reactor neutron irradiation to the electron
bombardment.

Protons and electrona both interact with an atom at low-energy
transfers primarily through Rutherford scattering, and the scatiering
cross sections have the same dependence on energy transfexr for both at the
low end of the primary recoil energy spectra. For protons at higher pri-
mary recoil energies, nuclear elastic scattering becomes important, and
the scattering cross section results in a dip and then a peak in comparison
with the shape of the Rutherford scattering. Further oscillations in the
cross section are generally less important as these occur at high-enough
primary recoil energies that most of the energy of the recoil is lost through
electronic collisions and only a small part goes into displacing atoms. The

nuclear elastic effect may be important at proton energies as low as 10 MeV

and must be taken into account whenever proton damage rates are considered.

The low-energy part of the proton recoil spectrum may be simulated
by electrons by choosing the electron energy uhch that the lessening of the
electron scattering cross section at high primary recoil energies due to
relativistic effects approximates the first dip in the proton cross section.
The following peak in the proton cross section may be simulated by reactor

neutrons which give little contribution at low primary recoil energies but
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produce apeak at higher energies sin:ilar to that of the protons. The
quantities of electrons and reactcr neutrons can be mixed to give the same
total number of displacements as protons and with a primary recoil atom
energy spectrum similar in shape up to muc.a higher energies than with
electrons alone.

Nuciear inelastic scattering was neglected in calculating the proton
damage rates and it is possible that the displacement production is under-
estimated by up to 50 percent in germanium at 50 MeV. The effect is less
effective for silicon and lower incident proton energies but still may be as

much as 25 percent in silicon at 30 MeV,

2.2. PRIMARY RECOIL IONIZATION ENERGY LOSS

As the energy of a primary recoil atom from a scattered particle
is increased, a smaller proportion of its energy will go into displacement
collisions, a greater proporticn of its energy being lost through ionizing
collisions with orbital electrons. The fraction of energy lost in elastic or
atomic collisions has been computed by Lindhard,(z) assuming a Thomas-
Fermi potential for atomic scattering and a velocity-dependent electronic
stopping power. The results of Lindhard's calculations for silicon and
germaniam are shown in Fig, 1 as the fraction, f, of the primary recoil
energy that goes into displacement-type collisions. This fraction is used
in the calculation for the number of displacements from a primary recoil
atom instead of the more usual arbitrary cut-off energy beyond which a

recoil atom is assumed to produce no displacements.

2.3. RUTHERFORD SCATTERING

The mechanism by which charged particles impart energy to a lattice
atom is, neglecting nuclcar forces and screening by orbital electrons,
Rutherford or Coulomb ucattering“)

R’ Im
4 2

T T

with a differential cross section of

’

6
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where T is the recoil atom's kinetic energy, Tm is the maximum energy
transfer, and b is the classical distance of closest approach in a head-on
collision.

At recoil energies much greater than the digplacement energy, Td'
‘ the number of displaced atoms per primary recoil is linearly related to the

recoil energy and may be taken as 0.5 T/T Using the number of dis-

e
placed atoms produced as the physically significant quantity, the number of

RO w—

displacements produced by primary recoils between energies ’I‘l and TZ is

showing that each logarithmic energy interval contributes equally to the
number of displacements. This suggests a comparison tetween protons
and electrons of the ratio of the true to Rutherford cross section versus

the logarithm of the primary recoil energy.

2.4. NUCLEAR ELASTIC SCATTERING

Protons and neutrons both undergo nuclear elastic scattering in the
force field of the target nucleus. This scattering is fairly well understood

(4-7)

in terms of the optical model of the nucleus, and a number of

(8-13)

experiments have been performed to measure the scattering cross

section. [In fact, extensive measuremaents have been made of the acattering
of protons and neutrons on aluminum and copper, whereas few measure-
ments have been made on either silicon or germanium. Since the experi-
mental measurements and the gu#adictiono of the optical model both show a
slow variation of the cross ?.m:kiono as a function of atomic number, the
cross sections for aluminum and copper have been used for silicon and
germanium. The scattering cross sections for 30- MeV protons on aluminum,
silicon, and phosphorous and on copper and gallium (taken {rom Ref. 8),

are shown in Fig. 2 to illusirate the slow variation between adjacent

elements. The ratio of the measured to Rutherford cross section is plotted

-7
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Figure 2. Ratio of measured elastic scatiering cross section to the
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calculated Rutherford cross section as a function of
center-of-mass scattering angle for 30-MeV protons
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to accentuate the nuclear elastic effect and to eliminate the elemental
dependence of the Rutherford cross aection, which all of the cross sections

appreoach at low energy transfers.

2.5. PROTON DAMAGE

For incident protons, the cross section, N for producing dis-

dp’
placements from primary recoils between energies 'I‘l and TZ is

2 do
T do R
N =f == = (TMY(T) =——4dT , (1)
dp T1 Z'I'd ch dT
where da/ch is the ratio of the measured to Ruth2rford cross section, and
f is the fraction of the recoil energy lost in displacement-type coullizions.
The Rutherford cross section for nonrelativistic protons is

4
ch ) “bZ Tm nZ eo
2

dT 4 2

where A and Z are the atomic weight and atomic number, respectively, of

the target atom, Eo is the incident proton energy, eo is the electronic

- charge,

Zez l+l

) K) 4 x)-z
b= £ and rm-A(uA Eg .

The ratio of the measured elastic scattering cross secticon to the
Rutherford cross section for aluminum and copper is plotted in Figs. 3 and
4, respectively, for a number of incident proton energies. (The references
from which these are taken tre noted on the figures.) Because of the smooth
variation in the cross section with incident proton energy, an interpolation
was performed between 40 and 57 MeV to give the 50-MeV cross section.
The crocs seactions used at 3¢ and 50 MeV for silicon and gefn\anium.

together with the function f, are plotted in Figs. 5 and 6, respectively.

10




——

4
f v Y Y v i A L | 1] -
/\\_—-
q
17 Mev ! -
Ref. A ~
; n
- -
- -
22 Mev | -
Rel. 9 -
= -
- -
b -
WoMev ! -
Ref. 7 B
-t
‘ o -y

. 8hd|8le - o

40 Mev | —-‘

‘ Ref 10 ]
- -
o -y
57T MeV ) ——
Rei 1} -t
-d
i .
- >
% Mev | -
Rel 10 :
3 L
- -

' _a 3. 2 A | A A
D20 A0 R RD OO 120 14D 60 VARG

P (degrees)

; Figure 3. Ratio of measured elastic scattering cross scction
‘to the calculated Rutherford scattering croas
section vs center-of-mass scattering angle for
aluminum

11

~7




Figure 4.

!

t 1 T | | | | r 1 J T | .

-

b -

e -

17 MeV | -
Ref » I -
r, -

e -

-

22Mev ! e
Ref 9 B
-

L

-

0 Mev! o
* g

Ref 7 B
-

-

40 Me ¥ -
Ref{. 12 P -
o -

o -

- -

ST Mev! -
Rel 11 :
-
! -t

w4 MrV' -4-1
Ret 40 -
-y
-l
! 2 A F 3 A l 2 2 e

n n A AD RO 1NN 120 140 et IAD

® {degrers)

Ratio of measured elastic scattering cress sectioa
to the calculated Rutherford scatteringcross section
vs center-cf-mass scattering angle for copper

12

-~




uoostyts 20y ARZ52a (10390 §A UOTLYas 65020 Hurtragwos
PIOJIBUINY PAIRINI{EY oyl 01 U0 "6 S80I FUILINPIR HUSEII paanseaill Jo oney ¢ asnfrg

A}

~

On: mt.. ' B .... :
4—~«-‘—«_4_ —dﬂqmqqﬁq
D
APIN
-1
L )
lim.
AMN

' i

“Tor

.I.:

»

T g T Sy TR 1) 1 BN I 12 wna {0 i f o




—— e

W MM A SR e NSNS T aeRirh s

oy —r —— o 'Wriwﬁl%‘l;].‘[]

wintrewaad 1o) A813ua (10221 §A UOIIDIS 501D JUTIILIS
PI0JI2YINY Poi1eR[NO[ED 3y) O3 UOINID3S 55010 Julad3lleOS J1ISP[3 parnsedw jo o3y

A2) 1

01

4 ——Ad

AN N

i
W




ST T T e T T

Dt s A i e e e o e i A o o Al

For the purposes of numerical calculation, the average valuc of

de/do_ and f are taken over the interval A'I'i about T]_. On integration,

R
this reduces Eq. (1) to

_ 224

nory-2e | 7 T %o _it1)2

Tdp' i’ T de | T 2AE.T T. '

; R ]T, i 0 d i-1/2

)
where
2 1/2

T =T + AT and T = [T + T2 ]
i+1/2 7 Ti-1/2 i i i+1/2 7 Ti-1/2

to give the aforementioned logarithmic energy intervals. Five intervals

were taken per decade, resulting in

In (T, /T

i+1/2 )= 0.4el .

i-1/2

The crcss section for producing displacemenis from recoil atoms

with energy in the interval ATi about Ti is then given by

2 4
wZ e, -—
Ny (T) =0.230 =t 2| T, (2)
p i AEon R Ti Ii
and the total cross section for displacements produced by recoil atoms
with energy from Td to Ti’ Ndpt(Ti). is
T.
nZZeo ! 3o
N, (T.)=0.231 , Z — I (3)
dpt' i AEO'!d T dch Ti T.1

Equations (2) and (3) are plotted for silicon in Figs., 7 and 8,
respectively, and are plotted for germanium in Figs. 9 and 10, respectively,
for protons of 30- and 50-MeV incident energy. These figures are plotted
in units of U, 231 nZZe;/AEo for direct comparison with the recoil spectra

of other types of scattering. Also plotted in Figs. 8 and 10 are the results

15




uoo>i{le 07 1 sA I noge LT AB15Ud yitm swole [10031 Aq paverdsip swoje jo yaqunu ayl -2 sanSrg

Na—
Y 0
-4<'0
0°1
VA -z =
$80] UOTIPZIUOT Yjim S01 DOWIVTITVOT OV Yiim ..(m.
fuiianess piojasyny Sutasnwds projaaginy = s
451 =
: 2
c
2
£
<40 -2 &
;
%% :
sucznsu Jc1desy @
SUOIINTS ASN-0¢ O
SVCIIIS AW+ o]
490°¢ !
suowad As-05 @ :
suo30ad o dw-0¢ ®
L3 1




UODI[IS X0} vH\H sA I 03 v.H.
woay ABa1ausd yitm swoje 10301 Aq pasnpoad swoje peoerdsip jeo xsqunu (30l g dandr g

ol 01 o
LB ki —4 LI
.. <
SUDIIDIP ABW-C
SLULIINIU LOIOVIL o1
SUCAIDNI AIWE- (1T
psa -y &1 ”
: \I:.;,.; VONILLIUDT Yt ]
Jurivj1eds projIeyiny P
) b
o -t oe W
-
d m
3 «N*
$uo1038 A -0L suoiIneyu S0312we2 snid c
SUCIIIBI® ABW-Of .w.
pomse £ UDIORE A DY - 26 - .2 z
2§01 UH1IITFTIUDL ou Yitm
Butienzss BIojasyIny
IS E B P AN S F N A S A O N [ T I
. N - M *
— e e P

— . iylp‘ - D, S Dir

il iy

g
k]
3
3
E]
i
4

e




\.‘

wntuewaad 105 | sa I 1moqe I¢ A313ua yitm swoje (10531 Aq padse[dsip suwioje Jo adqunu 9yl ‘¢ 2indrg

(A®) 1L
i
.0 wa: NQ-
T T T T 7 T v o
L)
) &P‘ h 190
8801
uoljerIUor .
yus
Fmaaneds ¢
paojasyIny FJeoo
W— — o O
< N o
-9
T @
#0] uoIIEI IO OU Yitm 41 = ot
Suaeieds projIeqy w“
]
<
a
£
8
. 91 =
L
Jo-2
suciineu 10wy Y
suoiee AdK-0f D
SUCIPOIS AN o]
suojoad Asn-0s O ¥°2
suojoad AWN-0f ©
8°2
- . L p—y

£

e

iy

ik




wodj AB1aud yitm swole (10031 Aq poaonpoad swoje paderds.p jo 2aquunu [ej0]L

wntuewaBd 105 | snsaaa L o1 P

01 d2ndry

F
mcm 93_ ,. i M‘. .
Féb 1 —- LI 1 dd LR I
SUOIINIU J01IF I
e L
.
SUNIIIBS AN %
PN
p— -1 ‘=
- x
TUNIIDINS A3 -0Ff m.-
-
e SUCIG T A SPY-OF - 2 ..Q..,
[~4
SUCIIrey 2033083 snyd M
SUC313818 A P1Y-0f 2
b s uCyOId A OP -G PS80 ULIITZIUD, Yitw -4 07
fuilaneds paojisnng
$90] YOIIRZIUOL OU YI\m - (24
Swniexwde paocjisuiny
r o Of
._-._.._.___P_r._b_-_b
C o -,
. . T




w{«“-ﬂ

O —
o c

expected from pure Rutheriord scattering using both the computed value of
fand f = 1 for the case where all of the recoil energy is assumed to be

dissipated in digplacernent type collisions.

2.6. ELECTRON DAMAGE \é

The electron energies of 5 and 30 MeV considered here are in the

(14)

relativistic range, so the calculations of McKinley, which are plotted

in Fig. 11, were used for the ratio of the scattering cross section to the w
4
Rutherford cross section, dclch. Then, for the differential scattering

cross section,

where for the relativistic range for electrons, b is contracted by y =

{1 - pz)‘”z' in which p = v/c, v is the electron velocity and ¢ is the velocity )
of light, and ' Q
2 .
i EO(EO + Zmoc )
Tm =2 2 i
MAC

in which Eo is the electron kinetic energy, m, is the electron mass, anc

MA is the mass of the target atom. The differential energy cross section

then reduces to

,‘A-—r/_

gg. - de 2w 0
daT dvR M CZTZ

Analogous to the proton case,

Z 4
wZ e e 7 “@ 1
2. do T

MAC Td RTi i

N, (T;) = 0. 462

20
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and

T,
uZze; 1 a: _
N,_,(T,) = 0.462 — B, I, (5)
A€ a4 Tq R

Equations (4) and (5) are also plotted in Figs. 7 through 10 for 5-
and 30-MeV electrons. These are given in units of 0. 462 ﬂZZeg/I\/lAc2 for

direct comparison with the primary recoil atom energy spectra of protons.

2.7. NEUTRON DAMAGE

The neutron spectrum used for damage calculations is that calculated
by Larsen(ls) for a position in the shielding water 1l in. above the TRIGA
reactor. The logarithmic energy intervals used are the same as those used
for the previous sections. Figure 12 shows the spectrum in terms of neutrons
in each energy interval used. The constancy of the spectrum at lower
energies is a reflection of the 1/E spectrum assumed at energise less than
10 keV,

' At neutron energies much above a few hundred keV, the scattering
is markedly anisotropic, so it was neceasary to use the angular distributions
of the elastic scattering given in Ref. 16. The resonances particular to
separate elements were smoothed in the calculation by taking rather coarse
energy increments. As was done with protons and for the same reasons,
the measurements on aluminum and copper were used. These angular dis-
tributions were normalized to | barn and interpolations were made when
necessary. The normalized angular distributions used for each neutron
energy interval are shown in Figs. 13 and 14 for silicon and germanium,
respectively. These normalized angular distributions were then weighted
by the total cross section from Ref. 17. The results are shown in Fig. 15.

The cross section for producing a recoil atom with an energy A'I'i

around 'I‘i from a scattered neutron of energy En is

22

~7




it i 1.41\1“.\ Ty T .
1015831 daoqe ‘ut [ wng)sade uoamaou YWl 71 eandtg
AT g "
, - i L . 154 . wi
Ty T U T TY J % I qH
: 1
-l
wond
_ L.
- -
!
— —
— —
- -
1 i _b i1 1 H_ 1 4 i —.L { »- t 1

w1

~»

AT Wt st e nany gy i () ¢

gl

(e

606

on

23




e ST N WML o b Smerm .

5
&
3 10
g T ] |
i i .
{ R A
¥
‘
! . 4
$
1
%
| " -
i
i
- | L —
<
: 9 A MV -
. <«
; & Moy -
i v
; *
f p
[ -
! ~
H Ld
o
"3 Me¥ \
i R 2.0 Mev
1. 2% Mot -
i : N
9[ 08 MeVa \
@ 8% Me Vel :
012 Me Vel — \\ ‘ -J
02 Mrvh A AR gy 0 g8 MrV
N 125 - - - rv,; » l:llir:;
2 -
MeV - 0o MeV
L IREA 8 PR
@ S MeV
i ? A MeV
i 2 MeV
\;' te V
i
jé‘ -4 MoV
f i
aq i 1 L o
1 A n 8 ‘i
[ Y

Figure 13. Angular distributions used for n.utrons scattered by siliceon,
normalized to | barn, vs the casine of the scattering angle

24




N 8.0 MeV,

i T ki )
g
5.0 MeV,
V.2 Me -
2.0 Me
1.25% Me % - N
0. 80 Me Y :
. 0. 50 Me V\ N ¢
i 0 12 Me \
i 0.20 MeV\}
‘ 0.12% Me \\ \ -
0.08 Me\ \
AN
\§ .
N\ ‘ — -0 8 MeV
I L
‘—-— T S - ] > 125 MeV
- \m: 0 80 MeV R
s i \‘::_ v et \\\»‘\\” RO MeV :
3 DN 25 Mey .
- : TN 20 MeV .
: - N0 2 Mev C
- N2 0 MeV
£
2 p e 4.2 MoV
O =9 —
°ls
[ —— S O MeV T
LHISE w—
e -
e R0 Me V
r—
pe -
u
= -
™y . 1 _ i i
i . " .8 ')

Figureld. Angular distributionsused {or neutrons scattered by germanium,
normalized to 1 barn, vs the cosine of the scattering angie

25




S s L

'c{ 3andrx

WU Wil a8 pue UODITIS 20) SUOTILa8 §805D JUTIalros 38Ul YOIINBY TRIO Y

{ASy) 42
ot i 10 C°0 ;000 10¢0°0
2 R B 4 T _ vy Y L ~ ks ¢ T . q -y ¥ ) u Y T T 0 M
o - .
- pr— —
- /\/
- NOOINS - -0
/I LJ o~
o
oo N ]
g
r ~
NINYNEID
S \
i /\{5‘2 )
- mA
- o4
..L A i i L. 1 i . 34 " 3 _ i | i I L 2 P 001

g




- o

e s s o S T T o

[N

——— S

dg _ 4w da} barns
AT FH e 1 "X agie 1. 4T Fom
n’ i TE n i
n

where

da/d'l"E p -ntodojag|
n 1 Nn 1

arz the differentizl erergy and angw.l!ar cross sections, respetively,
evaluated at 'En and Ti' ana %En is the maximum snergy that may . »
imparted to a2 recoil atom with a neutron of energy En.

The croes section for producing displacements per watt-secord of
reactor pcwer due to recoils of energy ATi around 'I‘i from scattered
neutrons of incident energy :;\F‘n around En' Ndn(En,Ti), is just the cross
section for producing a reccil atom with an energy ATi around Ti times the
number of neuirons incident with energy AEn around En per watt-second of

reacior power times thie number of displacements per recoil atom, i.e.,

T.

: = | A7 _de T _il.qy02%¢
Ndn‘En'Ti) 1A delE ,T. ATi [MEn)AEn] f’l'. 2T, | 10 (6]
TF n’ i i °d

n

where MEn);\En is given in Fig. 12 and the factor of l()-24 converts the
cross sections from barns to square centimeters.

Then the cross section for producing displacements per watt-second
of reactor power due to recoils of energy ATi about Ti,Ndn(Ti), using
ATi = 0. 465 'I’i for our logarithmic energy intervals and ?En = (4/A)
[+ (I/A)]'2 E/n, is

2
-24 A 112 doj T ,
Ny (T,) = 0.730 x 1077 ;== (1 +K) IT'Z EDAE el ¢ 5 ¢ (D)
d ig n""in
n

where the suraimation extends over the reactor neutron spectrum from the

maximum energy En = 8 MeV down to En = (A/4)[1 + (l/A)Z]Ti. the least

energetic neutron that can give energy T; to 2 recoil,
27
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Also, the total cross section for displacements produced by recoil

atoms with energy from Td t Ti' Ndnt(Ti)' is

T.=T,
” Y.
-24 A i - 2 do 1
= — 4 - — —
Ndnt(Ti) 0.730 % 19 T (1 A) 'rg'r fT,Tj > d)(En)AEndn E.TE
d “9%d T T E nj n

(8)
which is analogous with that for protons. Equations (7) and (8) are plotted
in Figs. 7 through 10 in units suck that the total number of displacements
due to neutrons is equal to the difference in the total number of displace-
ments produced by 30-MeV protons and 30-MeV electrons, when the nroton
and electron displacement production rates are matched «t low reco:!

energies.

2.8. CONCLUSIONS

A complete discussion of the theoretical results without the experi-
mental comparison is inappropriate here except for a few basic conclusions.
From an inspection of Figs. 7 and 9, the general features of the primary
reccil atom spectra from electron, proton, and reactor neutron collisions
are quite clear. FElectrons produce displacements at a nearly constant rate
as the primary recoil energy or, equivalently, the displacement cluster sice
is increased up to nearly the maximum energy recoil. The maximum
energy recoil is approximately proportional to the square of the incident
electron energy, instead of being linear as with protons, because the
relativistic mass of the electron increases with energy. For protons,
nuclear elastic scattering produces oscillations in the displacement pro-
duction cross section. The potitions of these oscillations are nearly constant
in recoil atom energy as the incident proton energy is increased, with new
oscillations being introduced as the incident proton energy and maximum
atom recoii energy are increased. The enhancement of the scattering cross
section due to nuclear elastic scattering as the incident energy is increased

is primarily due to the growth of the first one or two peaks in the scattering

c8

—



A YR S bt e b e

cross section. The effect of subsequent peaks is reduced by the function,

f, which is the fraction of recoil energy going into displacement-type
collisions. From an inspection of Figs, 3 and 4, it can be seen that nuclear
elastic scattering is important to quite low incident proton energies,
especially in silicon.

When 30-MeV electron irradiations are compared with proton
irradiations, the deviation in displacement production occurs only for
displacement clusters of ~500 displaced atoms for germanium and ~1000
displaced atoms for silicon. When 5-MeV electrons are considered, the
electron simulation is much less likely to be successful since the clusters
scale only to 10 and 20 displaced atoms for germanium and silicon,
respectively.

Table [ summarizes the results of these calculations with a dis-
placement energy Td equal to 25 eV for silicon and 32 eV for germanium.
The second column presents the relative magnitude of the low-energy portion
of the Rutherford scattering cross section, i.e., a number by which the
fluence of particles should be divided to achieve the same number
and spectrum of low-energy recoils. The third column presents the recoil

energy, in units of T ., above which the total disslacement energy deviates

d
by more than 20 percent from the Rutherford value for large maximum
energy transfer, but with corrections for ionication energy loss. This quantity
is a measure of the range of validity of the low-energy recoil spectrum
simulation. The last column presents the cffective cross section for pro-
ducing displaced atoms, irrespective of the size of the cluster with which
the atoms are associated. Again, this number should be used only for
relative magnitudes since most of the displaced atoms undergo thermally
activated rearrangement at room temperature.

It is apparent from the foregoing calculations that the best simulator
for proton irradiations to meet the two conditions discussed in Section 2. |

is a combination of high-energy electron and neutron irradiation. Specifically,

the following correlations are indicated:

29
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In silicon:
One 30-MeV px'oton/cmz = 15.5 14-MeV electron/cm® +
0. 62 TRIGA neutrons/cm®
One 50-MeV proton/cmd =9.3 14-MeV uelecl:ron/cmZ +
C. 47 TRIGA neutrons/cm?®
In germanium;
Cne 30-MeV px‘oton/cm2 =15.5 20-MeV electrons/cm2 +
0. 73 TRIGA neutrons/cr®
One 50-MeV proton/cmz 29,3 20-MeV electrons/cm? +
0.70 TRIGA neutrons/cm?

where this electron energy is chosen to simulate the first dip in the proton
nuclear elastic scattering cross section.

In lieu of irradiations with electrons and neutrons, it may be hoped
that less accurate but satisfactory simulation is possible with electrons
alone, usi.g a scaling factor based on total number of displacements
irrespective of primary recoil energy. In essence, this scaling replaces
some of the higher-energy proton-induced recoils by low-energy recoils.
The electron simulation will then overestimate or underestimate the damage,
depending on whether the physical property measured, taking into account
thermal motion, is more or less sensitive to the same number of displaced
atoms being distributed in smaller recoil clusters. The damage ratios on

this basis are as follows:

Silicon Germanium
30-MeV protons
30-MeV electrons’ 27 20
50-MeV protons 18 14
30-MeV electrons’
5-MeV electrons
30-MeV electrons’ 0.58 0. 46
2.3-MeV electrons
30-MeV electrons’ 0. 42 0.29
1.5-MeV electrons 0.24 0. 11

30-MeV electrons ’
3l




"—‘ -

reee e et W ! Y mmmm o N” n"m

TR TN T SORA

It should also be noted that the difference in the contribution of
higher -energy primary recoils due to nuclear elastic scattering between
30- and 50-MeV protons is found to be less than the enhancement of higher-
energy recoils by nuclear elastic scattering over Rutherford scattering
at 30 MeV. It was found that for silicon, the contribution from nuclear
elastic scattering with 30-MeV protons is twice the increase in nuclear
elastic scattering when going from 30- to 50-MeV protons. It is somewhat
different for zermanium in that for 30-MeV protons, nuclear elastic
scattering decreases the damage calculated, assuming pure Rutherford
scattering, by approximately the same amount that changing from 30- to
50-MeV increases it. The 50-MeV irradiations thus only serve to check
results cbtained at 30 MeV, and both energies wilt be affect<d significantly

by nuclear elastic scattering.
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SECTION 111

EXPERIMENTAL PROCEDURES

3.1 SAMPLE PREPARATION

3.1.1 Sample Cutting and Identification

The irradiation samples were cut from the semiconductor boule in
the manner shown in Fig. 16. First, 2-mm-thick slices were cut from the
boule; they were then remounted and cut into bars I mm thick by 20 mm
long. Of the six slices taken, alternate slices (Hl, H2, and H3) were used
for the Hall coefficient studies and the other slices (71, T 2, and T 3) were
used for carrier lifetime studies. Each sample was identified, as shown,
as to its origin and eventual vse. A seventh slice was taken after the 73
slice and cut into bars for the unir adiated samples required. The A_ and

3

A pieces outside the A_ samples were cut 1/2 and 1/4 mm thick to pro-

vi‘:le samples for the 2.32and 1.5-Mev electron irradiations, respectively.
The sample bars were lapped successively with 400-grit, 600-grit,

2/0, and 4/0 emery papers and then they were etched. The germanium
samples were etched in Super-oxal etching solution (1 part hydrofluoric
acid, | part hydrogen peroxide, and 4 parts water), whereas the silicon
samples were etched in a '"white" etching solution (equal parts of glacial
acetic, nitric, and hydrofluoric acids). After the samples were etched,
they were rinsed in distilled water and electronic-grade alcohonl. The

preparation of the sample for irradiation then varied according to the type

of sample.

3.1.2 Preparation of n-Type Silicon

Each n-type silicon sample was placed in a quartz jig for the gold-

bonding operation. The jig held small dots of 0.5 percent antimony-doped

33
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gold against the sample at the voltage and Hzll lead positions. The jig was
spring loaded to allow for contractions due to the melting of the gold dots

during the bonding. The jig and sample were then placed in an oven heated

to 450°C for about 5 min in a flow of forming yas and then they were cooled

slowly. After cooling, the sample was removed from the jig and the ends
for the current leads were first roughened with 600-grit emery paper and
then nickel plated. The electroplating solution consisted of 105 parts by
weight of nickel ammeonium sulfate, 15 parts of ammonium chloride, and
15 parts boric acid. The sample was then washed in alcohol and acetone
and the plated ends were tinned with indium solder.

A l-mil copper wire was soldered to each gold button to provide
the sample lead. A copper-constantan thermocouple was soldered to |
gold button and used as a Hall iead on the Hall coefficient samples. The
thermocouple was attached at a current lead for the carrier lifetime
samples. Soldering to the gold buttons was accomplished by first tinning
the copper wire, leaving a small ball of solder on the #and. The solder ball
was then heated in contact with the gold button with a small jet of hot heli-
um gas. Usually a little Ruby fluid flux was needed to fuse the solder to
the gold. Current leads were then soldered to the ends of the sample,
which was then washed in alcohol to complete the preparation of the

samnle.

3.1.3 Preparation of p-Type Silicon

The procedure for preparing the p-type silicon samples differed
from that uscd for n-type silicon in that boron-doped gold dots were used
and the current ends were plated with a rhodium plating solution obtained
from Englehard Indusirics, Inc. Alternatively, point concacts were some-
times used for Hall and voltage probes. These were phosphor-bronze
wirer with the ends nointed and coated with aluminum that were spring
loaded againgt the sample. Contact was made by fuaing the wire to the

sample by passing the current from a spark coil through the contact.

35
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3.1.4 Preparation of n-Tvpe Germanium

For n-type germanium the Hall anz voltage leads were madc by
first placing four small pieces of 60/40 soft solder on the sample. The
solder pieces were held in place by the surface tension of the Ruby fluid
flux used to faciliiate soldering. The sample was ther placed in aun oven
which consisted of a glass tube wound with a heater. A flow of an inert
gas was maintained through the glass tube, and the sampli: was heated to
the melting point of the solder to bond the solder dots to the sample. The
ends of the sample were tinned directly with indiurn sold=r for the current

leads. l.eads were attached in the same my~» ¢ as thosr for a-tvde silicon.

3.i.5 Preparation of p-Type Germanium

The preparation of p-type gerinanium differed from n-type only in

that indium solder was used for ali ¢ofaces

3.2 HALL EFFECT

Samples irradiated {2+ measurement of carvier removal rate were
mounted as shown in Fig. 7 with svhozphor-bronze spring . lips holding the
samples to an aluminum block. The samplies were elactrically insulated
{rom the block aud clips with Mylar adhezive tape. The hlock was then
placed in a water-coeled ciiamber, as skown in Fig. 18, se that the Hi
sample was nearest the lid and tiie }H2 sample was in tizc middle. The
electrical leads of the HZ sarnple were the only anzs Livught out of the
box. The Hall coefficient of the H? sainplic only was nnitored duing
irradiation; the other two samples were measurec in the laboratory before
and after irradiation as a check.

A thermally conduciive path from the aluminura block to the sample
chamber was formed by using tin-foil <»‘ms between the block and the
bottem and lid of the sample chamber. The chamber was also {illed with

telium gas during irradiation for more efficient heat transfer,

36
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Hall coefficients were measured in a field of 4 kgauss with a
caurrent of about 2 ma passing through the sample. The sample Hall probes
wexe connected te & microvolt ammeter through a voltage bucking box to
cancel out any potential difference at zero magnetic field due to-misalign-
ment of the probes. The meter drove a chart recorder and thus a record
was made of the Hall voltage at opposite polarities of the magnetiic field.
The difference in the two Hall voltages was used to calculate the carrier
density in order to cancel out any centact effects. The current passing
through the sample was measured by monitoring the voltage drop across a
1-kf} series resistor.

Hall coefficients were measured at the irradiation site before the
samples were irradiated and the irradiation was interrupted &t approp-
riate intervals for further measurements until the Hall voltage had changed
by 25 percent, at wiich time the irradiation was terminated. Irradiated
samples were then taken to the laboratory and there the kall coefficient
was measured at room temperature after successive 5-min anneals at

(-] -] [~]

325°, 345°, 367°, 388 , and 400° K.
A temperature record of the H2 samples was made during the
irradiations and the beam intensity was controlled to limit the temperature

rise to a few degrees Kelvin.

3.3 CARRIER LIFETIME

Carrier lifetime samples were mounted in triple mounts in much
the same manner as the Hall samples were, but because the rate of life- -
time damage was generally much higher, sample heating was much less of
a problem and thus plug-in mounis were developed, as shown in Figs 19
and 20. The miniature 9.pin connectors permitted quick sample changing
without the delicate operation of manipulating the samyple leads themselves.
Ag with the Hall measuremsents, only one of three lifetime samples was
monitorad during the irradiation; the other two served as a check and were

measured in the laboratory before and after irradiation.
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The carrier lifetime was measured by observing the transient
conductivity of the sample in a 4-point measurement with carriers injected
by a iight pulse from a General Radio Strobotac. the General Atomic linear
accelerator. or the General Atomic flash X ray. Figure 21 ,a:i'nows the shape
of the light pulse at two different repetition rates near the end of the
instrument's range. The high-rate pulse was used for the measurements
because of the shorter decay time. even though the peak light output is
much less.. Thﬁs lit was necessary to place the light source very close to
the sample. |

Provision was made for measuring the transient current through
the sample. but this was found to be unnecessary because of the high
impedance source used. The transient voltage was measured with a dc¢
current of about 2 mA in the sample. Contact effects were minimized by
using the difference between the voltage signals taken with opposite polarity
currents, Pictures were taken of the transient voltage signal on an
oscilloscope camera with the instrumentation presented in block diagram
in Fig. 22. The gain of the nreamplifier system, consisting of Tektronix
Type G plug-ins in a 127 power supplv. was remotely controlled by means
of Ledex stepping motors on the gain switches of the Type G prcamplifiers.
The cable drivers are capable of driving the 93-ohm cables connecting the
irradiation and control rooms with 1-V peak-to-peak signals. The over-ali
sensitivity of the system is 0.5 mV/cm. |

Transient voltage signals thus taken were assumed to be inversely
pi-oportiunal to the conductivity (constant-current assumption). The sig-
nals plus the dc voltage mea:ured across the sample with no carrier
injection were read into a computer program which calculated the carrier
lifetime as a function of injection levels. From these data, the lifetime
degradation as a function of radiation flux was determined. During electron
irradiations. the lifétime measured with the Strobotac was checked against
the lifetime measured wi:#n a short (0. 1 -usec) pulse of relativistic eclectrons

was used to inject carriers. Tiaese measurements werce made to calibrate
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the Strototac for use in off-site irradiations where no nther carrier-
injection source was available. Because of the length of tail on the
Strobotac light pulse and the uneven carrier injection in the sample,
measurements with the Strobotac were limited to lifetimes in excess of a
n.icrosecond, with the calibration being required when the lifetime was
below about 10 usec.

After irradiation. the samples were put through the same anncaling

schedule as the Hall samples. with the lifetime being measured with the

flash X-ray facility.

3.4 DOSIMETRY

3.4.1 Beam Calibration

Calibration of the irradiation beam was accomplished by use of a
thin calorimeter consisting of a small copper block suspended in a con-
stant-temperature environment. Figure 23 shows a cross section of this
calecrimeter with the copper block suspended in an évacuated water-cooled
chamber by fine copper-constantan thermocouple wires. The ¢ntrance and
exit windows are 1-mil Mylar affixed to the chamber with epoxy.

Thc scnsitivity of the calorimeter for a pulse of radiation delivered
in a time short compared to the thermal relaxation time of the calorimeter
block can be calculated in terms of the energy deposition. For the case
where the copper block is initially at room temperature. the dose. D (Cu).
in rads (Cu) is related to the thermocouple voltage increment, AV, by

D (Cu) = 0.975 x 109 AV .
Using as the minimum detectable sig..al a voltage change of 1 uV/scc or
a dose rate of 0. 975 x 107 rads (Cu)/ sec, the minimum average current
density and particle flux for the irradiations considercd were calculated;
the results are presented in Table 11, All fluxes encountered at the

irradiation facilities were at least five times greater than the minimum

detectable. .
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Table II

AVERAGE CURRENT DENSITY AND PARTICLE FLUX
FOR A 1-uV/SEC TALORIMETER SIGNAL

Average
Incident Current Density Particle Flux
Radiation (A/’cmz) (particlea!cm2 sec)
. -9 9
50-MeV protons 1.23 x 10 7.69 x 10
-10 9
30-MeV protons 8.34x 10 520 x 10
-9 . 10
30-MeV electrons 7.33 x 10 4.56 x 10
-9 10
5-MeV electrons 7.75 % 10 4.34 x 10
-8 10
2.3-MeV electrons 8.06 x 10 5.04 x 10
v , -9 10
1.5-MeV elections 8.i4: 1IN 5.08 x 10
47
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3. 4.2 Beam Monitoring

For continuous monitoring of the beam during irradiation, a
secondary-emission monitor was used for both the electron and proton

irradiations. It consisted of a 0, 008-in. titanium foil in an evacuated

chamber with 0. 001 -in, titanium windows. The monitor was placed between
the beamn collimator and the sample. The average replacement current to
the foil was related to the calorimeter signal when the calorimeter was
placed in the sample position in calibration runs before and after each
day's irradiations. During the irradiations, the repiacement current was
monitored on a chart recorder and this record was used, together with the

calorimeter calibration, to calculate the incident particle flux.

3.5 EXPERIMENTAL FACILITIES

The 5-MeV and 30-MeV electron irradiations were periormed at
the General Atomic Linac, which is an L-band traveling-wave ejectron
accelerator. It can produce pulses of electrons of 3 to 45 MeV, pulse
widths varying between 0. 0! ard 4. 5 pusec, repetition rates as high as
720 pps, and beam currents up to | A.

The low-energy electron irradiations (1. 5 and 2. 3 MeV) were per-
forrmr ed at the Dynamitron accelerator located at the Convair Division of
General Dynamics Corporation i:. San Diego. It is a cascade-rectifier type
of accelerator capabld of currents up to | mA de.

The proton linear accelerator at the University of Southern
California was used for the initial 31. 5-MeV proton irradiations. This
accelzrator runs at a frequency of 300 Mc. has pulse widths of 450 usec,
and pulse repetiiion rates of 15 to 20 pps.

The final proton experiments were run at the Oak Ridge National
Laboratory, where the synchronous cycliotron was used. Thie is a d¢
machine capable of currents in the milliampere range; the encrgies used

were 35 and 56 MeV.
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Lifetime annealing experiments were performed at the General
Atomic flash X-ray faciiity, which produces 120-pusec pulses of 600-keV

X rays with a total dose of about | r per pulse.
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SECTION iV

EXPERIMENTAL RESULTS

The experimental accuracy attributed to both the Hall coefficient
and the carrier lifetime sample irradiations is about 20 percent, including
both the measurements of the parameters in question and the determination

of the amount of irradiation the samples have received.

4.1 HALL SAMPLE IRKADIATIONS

Considering the Hall effect data first, the typical irradiation
response of 10-ohm-cm phosphorus- and boron-doped matcrials, both
puiled and floating zone, is shown in Figs. 24, 25, 26, and 27 for a 30-MeV
electron irradiation and a 30-MeV proton irradiation and a 30-MeV proton
irradiation, respectively. The response for corresponding 0. 5-ohm-cm
material is shown in Figs. 28, 29, 30, and 31. Similar data for germanium
are shown in Figs. 32 and 33, respectively, for 10-chm-cm arsenic- and
gallium-doped material during a 30-MeV proton irradiation. The data are
summarized in Table III for the 1.5-, 2. 3-, 5-, and 30-MeV electron
irradiation and for the 30- and 50-MeV proton irradiations.

The conductivities measured prior to irradiation are subject to
inaccuracies owing to surface and contact effects. The most meaningful
parameter for sample identification is then, in view of the radiation response
measurements performed, the initial carrier concentration. This is taken
as zero irradiation intercept of the carrier removal curves. his procedure
will give an indication of the initial bulk carrier concentration with the
effects of contacts and surfaces negated to the same degree as they are in
the removal rates. Conductivities may be calculated, if desired, using
known values for the mobility in silicon and germanium. These initial

carrier concentrations are also given in Table IIl.
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Table 111

CARRIER REMOVAL RATES AND INITIAL CARRIER CONCENTRATIONS |

Irradiation Energy
1.5-MeV | 2.3-MeV| 5-MeV | 30-MeV | 30-MeV 50-MeV

Material | electrons | eiectrons { electrons | electrons protons protons

Carrier Removai Rates -

{in uniii of carrie: s/cm3 per unit flax)
S 10n 0.08 0. 11 0.17 0.48 122 i7
Si 10nZz | 6,007 0.015 0.932 0.12 6.8 7.2
i 10p 0.03 0,08 0.592 0,27 12 7.4
si10pz 0,03 0.05 0.089 0,23 13 9.9
Ge 10nZ | 0,38 0, 44 0.77 2.4 99 b4
Ge 10pz { 0,05 0.23 0.4 12 22
Si 0, 5n 0.69 28
S$i 0,5nZ 0. 4% 11
$1 0, 5p 0.56 72
Si 0, 5p2 0.82 40
Ge 0, 5nZ 3,1 99
Ge 0.5pZ I 1 0.06
Initia! Carrier Concentrations

{in units of carriera/cm3) )
Si 10n -:.9“';14 h.4x 1004 | 6,3x 1011 18, 0x1014 | 7,2x1014] 6.8x1014
sitonz | 3.6xi0't ) 3 1x10M ] 3 710! |4 2x 10!t | 4sx10'4] 3 ox10't
sitop | n.e<crot P rex10!® | 1 ex10™® {1 ex10'® | 1.ex10'®| 1.ex10'®
sitopz | 19v20t? 1 oxa0'® 1 ox10® 1 ox 10! | 1 ox10M ] 1L ox10'®
Ge 1onz | 3.3x 10" | 3. ex 10| 4 0x10'® [3. 910" | 5 ex10'] 3. 0x10'?
Ge10pz |z, 910" | oo [a.m<a0™ [z ax10M | 1sx10tt] 1.ex10'?
Si 0, 5n .e- c- Jo.9x 10 | 1 2¢10"®
Si 0, 5nZ .- - cee I1oex10'® | 2, 2¢10' —e-
Si 0, 5p .e- .- cee a6x10'8 | 4 5x10'® .e-
$i 0. 5pZ wa- .- cee s 2x10'8 ] s 1x10'®
Ge 0,502  --- .- wee |5.8x10% | s,3x10'?
Ge ), 5p2 es e wae 3,9x 10‘5 .- ==
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4.2 CARRIEDR LiFTIME JRRADIATIONS

The compiiation of the lifetime experimental resuits is given in
Tablc IV. For the lifetime sampice, thc specificd resistiviiy toierance
of the boules of +20% is as good as our dc measurements, taking into con-
sideration the inaccuracies mentioned in Section 4. 1. The response of
10-ohm-cm n-type germanium to various electron energy irradiations is
given in Fig. 34, Thia response is typical of the type of resuits obtained
for all samples. The points for the 30-MeV proton irradiation are also
shown on an expanded scale. The procedure in these experiments was to
measure the lifetime of the samples at the flash X ray before and after the
experiments that were not done at GGeneral Atomic. In these ca=es the

Strobotac was needed to measure lifetimes during irradiation and the flash

X ray served as a check on the Strobotac calibration performed with similar

samples at the linear accelerator,

Table IV
LIFETIME DEGRADATION RATES
(in units of 10-8 ¢cm* 2sec™})

irradiation Ener

IT.8-MeV [ 2.3-MeV | 5-MeV | 30-MeV | 30-MeV
Material | electrons | electrona | electrnns ! electr ons protons
Si 10n 3 3 7 8 600
Si 10nZ 0.5 1.3 2 3.8 100
Si 10p 0.30 0.45 1.5 £.5 500
Si i0p2 0.30 0. 45 1.5 5.% 500
Ge 10nZ 0.06 0.20 c.20 1.0 27
Ge 10p2 0. 025 0.3% } 0. 00 0.14 18
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4.3 ANNEALING STUDIES

Annealing experiments we+e performed after irradiation by holding ‘

the sample at 325°, 345°,

367°, 388°, and 400°K successively for 5 min
and intermittently cooling to 300°K, at which temperature the measure- i

ments were made. For those samples that did show annealing. the results

for the Hall samples are shown in Figs. 35 through 39. The fraction of q
. - nf . . .
the carriers recovered is defined as nﬂ-——n_f’ where n0 is the initial carrier
0 -
concentration, ng is the number after the final irradiation, and n is the ‘

e

number after the previous anneal. No annealing was seen for 10-ohm-cm
or 0. 5-ohm-cm pulled or floating-zone p-type silicon. 0. 5-ohm-cm floating-
zone n-type silicon, or 10-ohm-cm n-type germanium. The annealing was

the same within 20 percent for all energy irradiations. For the lifetime

samples, with one exception no annealing was observed for any sample. but
trapping effects were evident for both p-type silicon samples and the floating-
zone refined l0-ochm-cm n-type sample. For p-type silicon, a 30 te

50 percent room temperature anneal was found between the irradiaticn site
and the measurement made at the flash X ray. Thus, for all types of
radiaiiuns considered here, the annealing data show no evidence of the

creation of different types of defects by different irradiating particles.

2
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SECTION V
DISCUSSION

It is now possible to compare the experimental data with theor+,
Since neutron irradiations were not included in the experimental program,
it is not possible to perform a direct check on the best simulation predic - |
tion presented in Section 2,8, Instead, a comparison between experiment
and a correlation with total displaced atoms can be examined., It is re-
cognized that this correlation may be inaccurate since the higher-energy
and higher-mass particles produce a larger fraction of the displacements
via nore energetic recoil atoms. This comparison is presented in
Table V ar ratios between the rate of introduction of defects relative to
the introduction rate in the same material by 30-MeV electrons,
Another more instructive comparison is achieved by calculating the <
property change per unannealed displaced atom calculated as in Section 11,
These data are summarized in Table VI,
The radiation response presented in Table VI is discussed in more

detail below, ‘

5.1 n-TYPE SILICON
The lifetime degradation data for n-type silicon follow the theory

fairly well for the electron irradiations from 1.5 to 30-MeV, whereas the

30-MeV proton data show a relative increase in defect productionover theory.
The data for both pulled and floating-zone material can be expected to show

more scatter than similar irradiations with other materiais hecause of a

Ry

6- usec trappinug time in the floating-zone material that makes an accurate
measurement of the low injection level difficult and the unexpectedly low
unirradiated bulk lifetime of the pulled material. The latter was less

I than 1 psec, which is an order of mgnitude less than is to be expected for
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this material, This not only affects the accuracy of the data (¢, g., room
temperature annealing between the irradiation site and post-irracdiation
measurements at the flasn X ray could go unnoticed owing to the difficulty
of measuring such a short lifetime with the light source) bat also the ap-
plicability to other materials of this type, since o ditieroent defedt than is
usual may be producing the irradiation response,

These data may be compared with those from damage to p on n

(;‘1 z .
8) and due to electruns,“ 0) [he

silicon solar cells due to prot(ms“
solar-cell damage measured is the minority cerrier diffusion length,

which is comparable to the minority carrier litetime, The electron ir-
radiations, which covered bombarding enerygies from 0,4 to 40 MeV,
showed substantial agreement with simple theory over the range trom 1,5
to 30 MeV, However, the proton damage measured with 17- t¢ 130-MceV
particles showed a slowly falling damage rate from 17 to 50 MeV that
cannot be totally ascribed to rising contributions trom either naclear
elastic scattering or star production, Above 50 MeV, the damage rate
assumes the 1| /E character expected from Rutherford scattering, The
floating-zone data are in agreement with this, showing that recoils from
30-MeV protone have twice the predicted effectivenerss in producing damage
than recoils from !, 5 to 30-MeV electrons. Also, lifetime degradation
rates measured with neutrons from a TRIGA rcactor(zn give a property
change per unannealed displaced atom of 8, using half the calculated neutron
cross section because the spectrum used in the irradiations was softer than
the one calculated in Section !I, When the above data are compared with
the theory presented in Scction I, they are consistent with an assumption
that primary recoils of the order of lO-S-eV are approximately four times
more efiicient than predicted in producing damage in a room-temperature
ir-adiation than rzcoils an order of magnitude lower in energy.

For the floating-zone material, the radiation response of the Hall
coefliciunt seems to follow that of the Litetime up to the 50-MeV proton
irradiation, where the increase in damauge over that expected leve!s off
instead of further increasing as do the data of Rosenzweig on lifetime,
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The pulled material exhibits a gradual increase over theoretical damage
as the irradiating electron energy is raised, but otherwise follows the
behavior of the floating-zone material, Carrier-removal experiments
with necutron irradiations have been done by Stein(zz)as well as by Curtls‘u)
but their results are in disagreement by factors of 2 to 4, with Stein's
removal rates beiny the higher. Curtis's results give a property change
per unannealed displaced atom of 0,03 and 0. 025 for floating~zone and
pulled silicon, respeciively, which are much lower than expected in the

light of the proton aata and the apparent agreement with our lifetime data.

5.2 p-TYPF SILICON

No siguific nt differencee between pulled and floating-zone p-type
silicon were observed in either lifetime or Hall damage rates in any
irradiation.

Lifetime damage may again be compared with damage to n on p
silicon solar cells in Refs, 18, 19, and 21, The electron irradiations
from 0.4 to 40 MeV show results much like those derived here, with the
damage rising with increasing bombarding energy much faster than is
calculated. In fact Carter and Downing fit their data to the square of the
displacen. at cross section. Our electron irradiations fit such a curve
quite w..l, bat the 30-MeV proton irradiations show a smaller increase as
do ' .e neutron data of Curtis, with a property change per unannealed dis-
placed atom of 7 x 10’8 cmZ sec‘l. The proton data of Rosenzweig from
1.35 to 130 MeV shows similar behavior. Below 8 MeV, the damage rate
rises as 1/E in accordanca with Rutherford scattering, but above 10 MeV,
the damage rate falls only slightly up to 50 MeV, whercz it resumes an
approximate 1/E behavior again, As with n.type silicon, calculations

cannot account for this behavior, even when all the r=coil energy is as-

sumed to go into producing displacements, which is an unlikely ccndition.

" With a more realistic division of energy between displacements and ion-

iwation, such as imposing a limit of about 105 eV above which recoils ate
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assumed tolose all their energy by ionization, the divergencz from the
experimental curve is much greater and probably cannot be ascribed to
star production,

The Hall data follow the same characteristics as the lifetime data,
but there is a slower increase in damage efficiency as the energy rise~,
This behavior is also indicated in data on carrier remocval in 15- to

150-ohm-cm p-type silicon.“% The 30- and 50-MeV protons seem to

follow theorctical predictions in producing Hall damage in p-type silicon,

Curtis's results are, as beforc with n-type silicon, lower than expected,
with a property change per unannealed displaced atom of 0,03,

Thus, in both n- and p-type silicon, the higher-energy primary
reccil atoms seem to have an effect that scales faster than the total
number of displaced atoms they produce. The magnitude depends on the

material and indeed even on the type of damage.

5.3 GERMANIUM

Lifetime damage in n- and p-type germanium is in an essentially
constant ratio to that calculated for all irradiations, except for a small
rise in n-type germaninm and a large vise in p-type germanium with

30-MeV protons,

Hall irradiations on n-type germanium are in agreement with theory

for electrons, but again protons produce damage more efficiently. P-type

gerrnanium is a special case as the removal rates change with carrier
concentration and previous irradiation history, which makes a compar-
ison between irradiations hazardous.

Again, with germanium as with silicon, it seems that the high-
energy recoils have an effect on the damage that rises more rapidly than
the number of displaced atoms,

The lack of differences in the annealing behavior only indicates

that the particular defects which anneal in the temperature range 300°K to
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400 °K are formed proportionately by all of the irradiating particles. This
observation makes no inference on the correlation between those other

defects which did not anneal in this temperature range.
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SECTION V1

CONCLUSIONS

From the experiments performed, it was found that the defect
introduction rate rises faster with rising irradiating energies than the
number of unannealed displaced atoms, It is apparent that the effect of
displaced atorns on both lifetime and carrier concentration is greater if
the atoms are produced by higher-energy recoils, This effect is magni-
fied further if it is noted that more than half of the displacements pro-
duced by protons are associated with recoil atoms having the same
energy spectrum as those produced by 30-MeV electrons, Thus, the
apparent increase in over-all effectiveneas of the protons must be attri-
buted to less than half of the damage, Therefore, an apparent increase
of damage per displaced atom of a factor of 2 to 3 must represent an
increased eifectiveness of digplaced atoms produced by the higher-encrgy
recoil atoms of a factor of 3 to 5. Hence, it is predicted that the property
change per unannealed displaced atoms should be even greater for neu-
trons than for the highest energy protons used, and indeed this is the
case for lifetime damage in similar materials irradiated by other work-

ers, (21, 22)

For Hall damage, the situation is less clear as there are two
pieces of conflicting data, but if the higher rates of Stein's data(zz)are
correct, then the above conclusion is upheld,

The difficulty in interpreting this apparent high effectiveness of
primary recoils in the range of 100 keV in producing damage is height-
ened by an understanding of the process by which a recoil atom loses its
energy. (1) The majority of collisions the primary recoil suffers in slow-
ing to an cnergy less than 10 keV (where it seems not to produce exces-

sive damage) involve small energy transfers and any dieplacement
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clusters produced are quite far apart and are in no essential way differ-
ent from those produced by a less energetic recoil, However, calcula-
tions show that a 1-keV recoil produces displaced atoms in its track
about 4 lattice constants apart, which is within the interaction distance
for the displacements (4 to 6 lattice constants), whereas a 100-keV
recoil along the initial portion of its track produces displacements about
15 jattice constants apart along with scbstantially more ionization. This
combination of distantly spaced displacements in an ionized region may
well produce secondary defects in different proportions from the dis-
placed atoms from lower energy recoils which find themselves fairly
closely spaced in a neutral region,

It would seem that this behavior would be different for different
materiala, and for different defects controlling the irradiation response,
This does seem to be the case as the varying results between material
and parameter measured show, Also, impurities or defects not involved
in the defect directly responsible for the radiation response may affect
or even control the difference in the high-energy recoil damage efficiency,

Thus, while it is possible that the above data can be used for pur-
poses of proton simulation with electrons, extreme care must be taken
to ensure that the defect controlling the radiation response is the same
as that measured here and that no impurity is present that would affect
the damage rate of the high-energy recoils present with protons, A sim-
ulation with a better chance of success would be an admixture of electrons

and reactor neutrons, as described in the theoretical portion of this report,
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